Abstract. One feature of a magnetospheric substorm is the injection of energetic particles into closed drift orbits. Injections are routinely observed by geosynchronous satellites and have been used to identify the occurrence of substorms and the local time of particle energization. In this study we examine pitch angle distributions of ion injections in the 50-300 keV energy range observed by the Active Magnetospheric Particle Tracer Explorers Charge Composition Explorer (AMPTE/CCE) satellite, hereinafter CCE. In a dipole field, all pitch angles follow the same drift shell, but the day-night asymmetry of the magnetospheric magnetic field introduces a pitch angle dependence in particle drift orbits, so that particles with different pitch angles disperse radially as they drift. The effect is known as drift shell splitting. For satellite observations near noon at a fixed geocentric distance, the guiding center orbits of ions detected at small pitch angles intersect the midnight meridian at larger geocentric distances than do ions with near-90° pitch angles. The ion pitch angle distributions detected on the dayside therefore provide information about the radial distance of the nightside acceleration region. We apply this principle to study ion injection events observed on September 17, 1984, in association with pseudosubstorm onsets. CCE was at 13 hour local time near its apogee (8.8 R E ) and observed a series of ion flux enhancements. Energy dispersion of the timing of the flux increases assures that they are due to injections on the nightside. The flux increases were observed only at pitch angles from 0° to 60°. We calculate drift orbits of protons using the Tsyganenko 89c magnetic field model and find that the drift orbits for 60° pitch angle protons observed at the satellite pass through midnight at 9 R E , well outside of geostationary orbit, indicating that the ion injections occurred tailward of 9 R E . Energetic ion data from geostationary satellites for the same time interval show no evidence of injections at 6.6 R E consistent with the calculated inner boundary of the injections. Model calculations are presented demonstrating that dispersive injections observed near noon outside geosynchronous orbit provide the greatest sensitivity to drift shell splitting effects and are therefore most suitable for remote sensing the radial boundaries of substorm injections.
Introduction
Sudden enhancements in the fluxes of energetic charged particles in the near-Earth equatorial region are commonly observed in association with magnetospheric substorms. The phenomenon is known as particle injection and is thought to result from sudden acceleration of particles in the near-Earth magnetotail followed by their subsequent drift away from the acceleration region to the observation point(s) [Konradi, 1967; Konradi et al., 1975] . Injections have been observed at all local times and a given injection can be observed at various local times by multiple spacecraft [Reeves et al., 1991] . The acceleration region appears to form an injection boundary [McIlwain, 1974; and multi-spacecraft observations have provided information about the azimuthal and radial development of the acceleration region [ Lopez and Lui, 1990; Reeves et al., 1991] .
The injected particles retain information about their acceleration region over many tens of minutes and over large distances as they drift in the magnetospheric magnetic and electric fields. The long memory of the particles is most dramatically exhibited as energy-time dispersion in the arrival time of the particles [DeForest and McIlwain, 1971] and as drift echo events [Brewer et al., 1969; Lanzerotti et al., 1971; Belian et al., 1978] . One can infer characteristics of the acceleration region by studying the detailed time development of injections at a given observation point, using the energetic particles to remote sense the acceleration event.
The basic properties of particle drift are well understood in terms of the guiding center theory.
For energies below ~50 keV the magnetospheric convection and corotation electric fields play an important role in controlling the particle drift orbits. Konradi et al. [1975] reported an example of energy-time dispersion of ions (energy 0-70 keV) observed from the Explorer 45 satellite below L = 5.3. They showed by numerical calculation of particle drift orbits that the dispersion can be explained by combining the magnetospheric electric field and the injection boundary proposed by McIlwain [1974] . A similar injection boundary has been proposed from the spatial distribution of dispersionless flux enhancements of energetic particles observed by the Active Magnetosphere Particle Tracer Explorers Charge Composition Explorer (AMPTE/CCE, hereinafter CCE) .
For particles with sufficiently high energies the drift orbits are determined primarily by the magnetic field configuration. The Earth's dipole field causes electrons to drift eastward and ions to drift westward. The drift speed is proportional to particle energy so that away from the source region injections at higher energies are observed earlier. This energy dispersion has been used to determine the universal time and local time of injections. One extensively used data source for this analysis is Los Alamos National Laboratory charged particle analyzers (CPA) measuring electrons and ions at energies about ~ 30 keV and higher on board geostationary satellites [Belian et al., 1978; Baker et al., 1979; Belian et al., 1984; Reeves et al., 1990 Reeves et al., , 1991 . More recently, a similar technique has been applied to data acquired by the CRRES satellite [Friedel et al., 1996] .
In this paper we demonstrate that another property of particle drift, drift shell splitting, can be used to investigate the source region of the particles, and in particular, the radial extent of the source. Drift shell splitting is a well known phenomenon which arises from local time asymmetry of magnetospheric magnetic field. Quantitative analyses of drift shell splitting were made as early as in the 1960s [ Hones, 1963; Fairfield, 1964; Roederer, 1967] . Somewhat surprisingly, little has been discussed about drift shell splitting effects of substorm injections, although pitch angle-time dispersion of injection has been noted [Konradi et al., 1975; Walker et al., 1978] .
We study injections associated with pseudosubstorm onsets observed on one CCE orbit. The events were chosen primarily because the observed shell splitting effects were especially clear but also because of related data from geostationary satellites and ground magnetic field observatories were available. We have found that drift shell splitting effects are usually observed by CCE during typical substorms but that multiple injections occurring in short intervals for normal substorms produce complicated injection profiles that are difficult to interpret uniquely. Pseudosubstorm onsets however display pitch angle effects quite clearly. For the purposes of studying the drift shell splitting effects per se we therefore focus attention on pseudo-substorm onsets.
The paper is organized as follows. Section 2 describes the relationship between drift shell splitting and the radial extent of the injection region showing that the radial extent of the injection region corresponds to a range of pitch angles observed at a given dayside location. Section 3 presents model calculations of proton drift shell splitting using the T89c magnetic field model [Tsyganenko, 1989] . There are noticeable differences between results using guiding center and explicit Lorentz force integration due to the onset of non-adiabatic motion so we adopt the explicit integration results for comparison with events. Section 4 presents observations and modeling for specific ion injection events on September [17] [18] 1984 showing that injected ions are observed only at pitch angles less than 60°i mplying that the acceleration region was tailward of about 9 R E . The implications of the results for future work are discussed in Section 5 and the paper is summarized in Section 6.
Injection Pitch Angle Signatures of Drift Shell Splitting
We first consider the relationship between the pitch angle of injected ions and the radial distance of the acceleration region. Figure 1 , adapted from Figure 7 of Roederer [1967] , illustrates the effects of drift shell splitting in a time stationary magnetosphere with no convection electric field. As Roederer [1967] noted, it is straightforward to determine which way the equatorial radius of the drift orbit shifts from dayside to the nightside using the first two adiabatic invariants, the magnetic moment and the parallel action integral.
Consider a field line on the noon meridian which threads a spacecraft located at the equator. The field line is populated by particles with various mirror latitudes. A particle mirroring near the equator, at location A in Figure 1 , conserves its magnetic moment by following the orbit on which the equatorial magnetic field magnitude is nearly constant. On the dayside at radial distances of ~5 R E to ~10 R E the magnetic field intensity is higher than the dipole value due to the Chapman-Ferraro magnetopause current. On the nightside the magnetic field for the same distance range is weaker than the dipole value due to the cross tail currents. Thus, a particle that crosses the noon meridian at R = R 0 crosses the midnight meridian at a radial distance smaller than R 0 . The mirror point and the associated field line for this particle are labeled A'. A particle that mirrors away from the equator, at location C, on the same R = R 0 field line at noon conserves both the mirror point magnetic field intensity, B m , and the parallel action integral v // ds ∫ evaluated between the mirror points, where v // is the parallel component of velocity.
The conservation of the first invariant is equivalent to conservation of the magnetic field magnitude at the mirror points and the conservation of the second invariant is approximately equivalent to conservation of the field line length between the northern and southern mirror points. These conditions are satisfied if the particle crosses the nightside at a radial distance greater than R 0 . The field line and mirror point for this particle are labeled C '. For a particle mirroring between location A and C, labeled B, the nightside field line will be located between those for A' and C'. These qualitative considerations are consistent with quantitative evaluation of the drift shell splitting effect based on realistic magnetospheric magnetic field models. For example, Reeves et al. [1991] used the Tsyganenko and Usmanov [1982] magnetic field model and the guiding center approximation to find that the drift shells of ions starting from the noon meridian at the distance of 6.7 R E split to a radial distance range of 6.2 to 7.4 R E on the nightside.
To summarize, among particles populating the same field line on the noon meridian, those with higher mirror latitudes cross the midnight meridian at greater distances and equatorially mirroring particles cross the midnight meridian closer to the Earth. Now consider the effects of drift shell splitting on the observed pitch angle distribution of a substorm injection. Assume that an injection takes place in a region represented by the shaded oval in Figure 1 with inner and outer edges as indicated. The duration of the injection as observed at a given pitch angle and energy is determined primarily by the local time extent of the region. Although particle acceleration may take place near the neutral sheet, all field lines threading the injection region will be populated by accelerated particles. Immediately after the injection, the accelerated particles start drifting azimuthally towards the dayside. The key point is that for a given energy, particles arriving at the dayside observation point with different pitch angles necessarily originate from different radial distances in the acceleration region. Conversely, for a given radial distance in the injection region only one pitch angle will reach the satellite.
This implies that the radial extent of the acceleration region corresponds to a finite range of pitch angles observed in the injection. In Figure 1 , the field line labeled B' intersects the inner edge of the injection region and only those particles on this field line mirroring at B' are on the drift shell that intersects the satellite. Since these particles mirror at point B on the dayside, the injection on field line B' will be detected only at pitch angles corresponding to mirror points at B. Particles observed on the dayside that mirror at higher latitudes than B correspond to field lines in the injection region tailward of B'. Thus, if the acceleration region has a sharp inner edge and it intersects one of the nightside drift shells of the particles encountering the dayside satellite, the inner edge will appear as an upper bound on the pitch angles observed in the injection. Conversely, the outer radial edge of the acceleration region corresponds to a lower bound on the pitch angles observed in the injection. Thus by measuring the range of pitch angles appearing on the dayside in a given injection event one indirectly detects the radial extent of the injection region.
Model Calculations of Proton Orbits
To illustrate the correspondence between dayside pitch angle and nightside drift path radial distance we present model calculations of proton drift orbits. Because the injection region is in the magnetotail where the particle motions can be strongly non-adiabatic, potentially having a significant effect on the drift trajectories [Anderson et al., 1997] , we perform explicit integration of the Lorentz force equation in addition to a guiding center integration [cf. Roederer, 1967; Ejiri et al., 1980; Takahashi and Iyemori, 1989; Reeves et al., 1991] . The technical detail of the explicit integration has been presented elsewhere [Anderson et al., 1997] . Briefly, a particle is launched with specified initial energy, gyrophase and pitch angle, and traced by numerically integrating the Lorentz equation of motion. As described by Anderson et al. [1997] the equatorial plane projection of the drift trajectory is calculated from the motion of a single particle by evaluating the instantaneous particle gyrocenter, given by the particle velocity, Larmor radius, and magnetic field direction, and tracing the field line threading the gyrocenter to the equatorial plane. For both the guiding center and direct integrations we used the Tsyganenko 1989c magnetic field model [Tsyganenko, 1989; Peredo et al., 1993] and the shielded convection electric field model [Volland, 1973; Stern, 1975] together with a dipole corotation electric field. The onset of non-adiabatic motion agrees with the analytical theory of non-adiabatic motions [Birmingham, 1984; Anderson et al., 1997] . The explicit and guiding center integration methods agree where non-adiabatic effects are negligible.
For this paper, we consider only protons with energies greater than 50 keV. In Section 3.1. we show examples of ion orbits for the T89c (Kp = 2) model without an electric field and then in Section 3.2. examine the effects of varying Kp and including the electric field. Comparisons of runs with and without the electric field indicate that the electric field does not substantially affect the dusk side trajectories of the particles.
Ion Trajectories for the T89c (Kp = 2) Model Without an Electric Field
Despite the nonadiabatic behavior of protons on the nightside one can still uniquely specify the nightside point of origin given the dayside position, energy and pitch angle by backtracing particle trajectories in time. Protons with energies above about 50 keV and midnight distances of about 6 R E suffer irreversible pitch angle scattering with each transit through equator due to the small field line radius of curvature [Anderson et al., 1997] . Nonetheless, the average drift shell in the nonadiabatic regime remains well defined. As protons drift toward the dayside and the equatorial field line radius of curvature increases they gradually become adiabatic. Their adiabatic drift paths are determined by the pitch angle they acquire randomly as they emerge from the nonadiabatic regime.
Thus, a single nonadiabatic nightside drift path fans out into a family of adiabatic drift paths. Because the pitch angle scattering history is extremely sensitive to gyrophase it is impossible to predict which adiabatic path a given particle will take. However, when viewed backwards in time, the family of adiabatic drift paths converge to a single nonadiabatic drift path so it is possible to assign the midnight position given a dayside position and pitch angle. Thus, despite the nightside nonadiabatic behavior, the dayside pitch angles correspond to nightside points of origin according to the geometric relationship between dayside and nightside drift shells as shown in Figure 1 . Figure 2 illustrates examples of numerically calculated proton drift orbits. For this example we used the Kp = 2 magnetic field model with zero tilt, no electric field, and a proton energy of 200 keV.
The traces show the equatorial gyrocenter point as the proton is traced back from the observation point indicated by a solid dot. The solid traces give the explicitly integrated drift path and the dashed traces show the guiding center calculation. Time reversed traces are shown from four observation points, L = 7, near geostationary orbit, and L = 8.5, near CCE apogee, and two observed pitch angles, α obs = 30° and 90°, at each point. Nonadiabatic effects produce some random scatter in the nightside drift paths. The scattering is extremely sensitive to initial gyrophase but the average drift path, defined as an average over the initial gyrophase, remains well defined [ Anderson et al., 1997] . The traces shown here are averages of traces of 8 particles with evenly spaced initial gyrophases over the range 0° to 360°. Due to nonadiabatic effects, the actual orbits of particles with α obs smaller than 30° have almost identical drift paths as α obs = 30° particles. The range α obs = 30° to 90° therefore gives the entire spread of drift shells.
In each diagram the separation of the drift orbits between the two α obs values is clear and is qualitatively consistent with Figure 1 . That is, the orbit of the α obs = 30° particle is located outside of the orbit of the α obs = 90° particle. Comparing the explicit (solid curves) and guiding center (dashed curves) integrations we see that they are indistinguishable for observation points at geosynchronous orbit but differ by slightly less than 1 R E at midnight for the noon L = 8.5 observation point. In addition, there are two qualitative points to be made. First, for a given radial distance of a satellite, the radial separation of the drift orbits at midnight, ∆R(24 MLT) = R(24 MLT, α obs =90°) -R(24 MLT, α obs =30°), is larger when the satellite is located at noon than at dusk. This means that a larger distance range at midnight can be remotely sensed when the satellite is at noon than at dusk. Second, for a given local time of the satellite, ∆R(24 MLT) is larger when the satellite is located at the larger radial distance.
The variations of R(24 MLT) and ∆R(24 MLT) with the local time of observation for satellites at 7 R E and 8.5 R E are shown in Figure  3 , the explicit (guiding center) integration results on the left (right). For the explicit method the particle energy was assumed to be 200 keV. The upper panels show the midnight radial distance of particle orbits as a function of the observation point local time, again for two geocentric distances, 7 and 8.5 R E and for α obs = 30° and 90°. The bottom panels show ∆R at the two radial distances between the α obs = 30° and 90° particles. This figure shows that for both radial observation distances, the α obs = 90° particles cross midnight closer to Earth than the observation point while the α obs = 30° particles cross midnight further from Earth than the observation point. As the observation local time approaches midnight the radial displacement of midnight crossing points for particle drift tailward or Earthward decreases as it must. The guiding center approximation predicts that α obs = 30°p articles drift somewhat farther tailward than given by the explicit integration, consistent with the results of Figure 2 . The maximum difference is about 0.8 R E for observations at 8.5 R E and noon MLT. Although not large, the effects of nonadiabatic motion of drift are evident and we therefore use the explicit integration results for the remainder of the paper.
The results show that observations made near noon beyond geosynchronous orbit are the most sensitive to drift shell splitting effects. The difference in the midnight distances of α obs = 90°a nd 30° protons is up to 3 R E for particles observed at 8.5 R E but about half as large, 1.5 R E , for particles observed at 7 R E . At 8.5 R E , particles observed before 16 MLT have midnight crossing points separated by more than 2 R E . This shows that dayside observations beyond geosynchronous orbit in the early afternoon sector provide the greatest range of radial distances with pitch angle and that noon is the optimal position, providing the greatest range of radial drift path midnight crossing distances. Moreover, it is possible to detect injection events tailward of 8 R E only for observations from distances greater than 7 R E while injections as close as 6.5 R E remain detectable out to observation radial distances of 8.5 R E .
Effects of Varying the Magnetic Field and Including an Electric Field
The model calculation was extended to T89c models for different Kp values with an electrostatic field in the magnetosphere in order to examine how the drifts paths might vary according to changes in the geomagnetic condition and also to confirm that the assumption of zero electric field gives a reasonable estimate of the drift shell radius near midnight. For the variation of the electric field with Kp we use the empirical relation of Maynard and Chen [1975] derived for the Volland-Stern electric field [Volland, 1973; Stern, 1975] . At midnight, noon and dusk for 8.5 R E the dawn-dusk (convection) electric field increases from 0.070 mV/m for Kp = 1 to 0.099 mV/m for Kp = 3 and 0.137 mV/m for Kp = 5. Figure 4 shows the electric field effect on the proton drift paths. As before, the ion orbits were calculated backwards in time from the satellite location at noon, 8.5 R E . When the electric field is included (E ¹ 0) the orbit depends on particle energy as demonstrated by the three traces representing 50, 100, and 200 keV protons. The orbit at 18 MLT is progressively shifted Earthward as the energy increases. However, the orbit radial distances in the region of substorm onset, 21 to 24 MLT, are quite insensitive to particle energy down to 50 keV. The dominant factor governing the radial distance in the substorm onset region is the pitch angle not the energy. Also, we find that the E = 0 case gives a quite seasonable estimate of the radial distances in the 21 to 24 MLT region.
Figure 5 (top) shows the Kp dependence of the midnight radial distance R(24 MLT) of the drift path for the two pitch angles, 30° and 90°. The point of particle observation, noon at 8.5 R E , is the same as before and 200 keV protons are used. Cases with and without an electric field are also compared. Because the degree of tailward stretching of the T89c model field increases with Kp, the distance R(24 MLT) changes systematically with Kp. In the E = 0 case R(α obs = 30°) increases monotonically from ~9R E for Kp = 0 to ~10.5 for Kp = 6, while R(α obs = 90°) is in the range 6.3 to 7.7 R E and takes the minimum value at Kp = 3. This behavior is largely the same when the electric field is turned on except for a minor (less than 0.7 R E ) difference at large Kp. The drift path separation ∆R(24 MLT) shown at the bottom indicates that the separation tends to increase with Kp from 2.3 R E for Kp = 0 to 3.4 R E for Kp = 3.
These test particle runs indicate that, although the magnetic field configuration and E control the individual ion drift paths, the radius of the nightside drift path for a given pitch angle does not change much when the electric field is included and that the paths for the two pitch angles are well separated near midnight for a wide range of Kp. It is worth noting that the electric field does not affect the ion behavior in the region where pitch angle scattering occurs. Although particles pitch angle scatter so that their drift changes they do not become demagnetized in the sense that the particles traverse large distances near the equator under the influence of the electric field [ Speiser, 1965] . For the orbits considered here, for R < 10 R E the particles pitch angle scatter when they cross the equator, but they do not display the chaotic behavior typically associated with deeper tail field reversal studies, i.e. equator reflections and Speiser orbits.
Finally, we note that we have not incorporated the effect of inductive electric fields. At present we have no handle on the inductive field, because it implies a time dependent magnetic field. We do not believe there is any reliable time dependent global model of the magnetic field appropriate for the expansion phase of a substorm. Our objective is to estimate the location of particles immediately after a major acceleration and describe their subsequent motion, not to determine how the particles behaved before or during the acceleration.
Observation and Modeling of Ion Injections on September 17-18, 1984
To test whether drift-shell splitting and pitch angle dependence effects are present in dayside observations of injection events we analyze a series of ion injections observed during a 5-hour interval on September 17-18, 1984. The primary data for this analysis are energetic ion fluxes (assumed to be protons) measured by the ion head of the Medium-Energy Particle Analyzer (MEPA) on CCE [McEntire et al., 1985] . CCE was an elliptically orbiting equatorial satellite with apogee of 8.8 R E and inclination of 5°. We use ion fluxes measured in 5 energy bands covering 28 keV to 320 keV at the time of the observations presented below. The CCE data are supplemented by energetic particle measurements from three geostationary satellites carrying Los Alamos National Laboratory charged particle analyzers (CPA). All these instruments had the capability of sampling a wide range of pitch angles using satellite spin but only CCE data will be used to study the pitch angle dependence of ion injections. Figure 6 shows the L versus magnetic local time (MLT) plots of the relevant satellites and ground stations from 2000 UT on September 17 to 0100 UT on September 18. The coordinates are based on an internal magnetic field so the location of the high-latitude ground station Soroya in this diagram should not be taken as accurately representing the equatorial crossing point of the field line originating from the station. CCE was at geocentric distances greater than 8 R E for 12-14 MLT. The spacecraft apogee (8.8 R E ) occurred at 13.3 MLT. CCE was close to the dipole equator with dipole latitude changing from 7.5° at 2000 UT to -3.4° at 0100 UT, so the pitch angle at the satellite was essentially the same as the equatorial pitch angle. During the period of interest, coverage at geosynchronous orbit was provided by 1977-007 in the postmidnight sector, 1982-019 in the premidnight sector, and 1984-037 mainly in the postnoon sector. Figure 7 shows a 14-hour summary plot of CCE ion data including the five-hour interval defined above. The plot is approximately centered on the satellite apogee and covers nearly a full orbit. The traces in the figure represent the number fluxes of energetic ions measured by MEPA in 5 energy bands. For each energy band, data are averaged in 2 pitch angle bins, one for 45-135° (plotted in thin trace and labeled "Perpendicular") and the other for 0-45° and 135-180° (plotted in thick trace and labeled "Parallel"). MEPA had a 32-sector angular resolution in the satellite spin plane, and because the spin axis was approximately parallel to the sun-Earth line a wide range of pitch angles was covered in regions dominated by the Earth's dipole field. For the event under study the pitch angle coverage was from ~10° to ~170°. The sectored data have time resolutions between ~6 (one satellite spin) and 24 s (4 spins) and 24-s averages are shown here. The temporal profiles of the parallel and perpendicular fluxes are significantly different. The parallel fluxes exhibit distinctive enhancements, in a 5 hour interval around the spacecraft apogee. If we take the 56-92 keV band for example, flux peaks occur at 2120 UT, 2220 UT, 2320 UT and at 0010 UT. Similar peaks are observed in other energy bands at slightly different times consistent with energy dispersion of ion injections on the nightside. The perpendicular fluxes, by contrast, exhibit a largely smooth variation reflecting a time-stationary Earthward radial density gradient. Fluctuations exist in the perpendicular fluxes but they are far less pronounced than the variations seen in the parallel fluxes (see Section 4.2. for details).
Overview of the Injections
Ion injections occurring only at low pitch angles is a typical feature in the CCE data on many orbits with apogee on the dayside. Since 90° pitch angles almost always dominate the distribution, most of these low pitch angle injections are completely obscured if the data are averaged over all pitch angles. It is only by dividing the data as shown that one can identify these low pitch angle injection events.
The energy dispersion of the flux enhancements indicates that they are not locally produced. In each event the flux maximum occurs earlier at higher energy indicating that ions were 'injected' at a distant location and drifted to the satellite. The most likely location of injection is the near-Earth magnetotail. In this respect the injection events are quite similar to those routinely observed by geostationary satellites. However, since the present events were observed at L > 8 and only in the parallel pitch angle bin, they are not exactly analogous to typical geostationary events. One indication of the departure from the typical geostationary observations is that the geomagnetic activity was low during the injection events. For example, AE was less than 100 nT from 2000 UT to 0100 UT. The 3-hour Kp values corresponding to this time interval were also low at 1-, 1-, and 0+.
The low AE values do not mean that there was no temporal variation in geomagnetic activity. On the contrary each of the injections was associated with a small change in highlatitude magnetic field and a mid-latitude Pi 2 pulsation. Figure 8 shows the northward magnetic field components at Soroya (geomagnetic latitude = 66°, local time = UT + 1.5 hour) and Wingst (magnetic latitude = 54°, local time = UT + 0.6 hour ) for 2000-0100 UT. The Soroya station is part of the EISCAT magnetometer chain [Lühr et al., 1984] . Wingst data were obtained by a rapid-run magnetometer so they represent the time derivative of the magnetic field. The Soroya data are characterized by a series of negative perturbations ( ∆X ≤ 100 nT), which implies minor enhancements of the auroral electrojet. We have also examined the magnetogram from Bear Island (magnetic latitude = 71°, magnetic longitude 109°) to infer the location of the electrojet. At this station the Hcomponent perturbations for 2000-0100 UT were similar to those observed at Soroya, whereas the Z-component perturbations were negative, opposite to those observed at Soroya. From these observations we infer that the electrojet was located between the two stations, possibly at a magnetic latitude of ~69°. In the Wingst data we identify 4 major Pi 2 pulsations occurring at 2028 UT (event A) , 2142 UT (B) , 2237 UT (C), and 2322 UT (D). The Pi 2 onset times, indicated by vertical dashed lines in the upper panel, demonstrate that the Pi 2 onset and the decrease in X at Soroya are highly correlated. These consistent behaviors of high-latitude small negative bays and mid-latitude Pi 2 pulsations suggest that they are due to pseudo-substorm onsets [ Akasofu, 1964; Koskinen et al., 1993; Ohtani et al., 1993; Nakamura et al., 1994] . Although the events well just could be termed weak substorms, we use the term pseudosubstorm onsets throughout this paper to emphasize their morphological difference from fully developed normal substorms and to be consistent with recent studies that used the term "pseudo" [Koskinen et al., 1993; Ohtani et al., 1993; Nakamura et al., 1994] . Figure 9 shows the detail of the flux variations in the parallel pitch angle bin and their relation to Pi 2 pulsations. The symbols above the peaks in each flux trace indicate the Pi 2 onset times plus a constant lag time. The lag time was determined by visually matching the Pi 2 and flux plots. The lag is 56 min for 38-56 keV and decreases to 18 min for 170-320 keV. Due to the broadness of the flux peak the time lag has an inherent uncertainty of a few minutes, which would translate to an uncertainty in injection local time of ~2 hours. Within this timing uncertainty the time intervals between the flux peaks and the Pi 2 onsets match quite well for each energy. This fact implies that each injection was associated with a Pi 2 pulsation and that the injection local time probably did not change more than 2 hours from event A through D.
Detailed Analysis of Event B
To quantify the pitch angle dependence of the injections we study event B in some detail. This event is chosen because the flux intensity is the highest and it therefore yields the most reliable comparison with the drift calculations. Figure 10a -c show the pitch angle dependence of ion flux variations in three energy bands. Note that the flux intensity is displayed using a linear scale. For these plots the raw sectored MEPA data were binned into 10° pitch angle bins. The resulting time series in each bin were then smoothed by using 5 point binomial weighting corresponding approximately to a 30 second running average. The pitch angle distribution is assumed to be gyrotropic and symmetric about 90° pitch angles. For example, the 30° bin represents the average of the fluxes for sectors in the pitch angle ranges 25° to 35°, 145° to 155°, 205° to 215° and 325° to 335°. (The 10° bin corresponds to 0° to 15° and the 90° bin to 85° to 95°.) The three dots on the 30° pitch angle trace indicate the calculated arrival times of particles with energies at the minimum, middle, and maximum limits of the energy band and are described in more detail below.
In the 56-92 keV band (Figure 10a ), a flux enhancement occurred from 2205 UT to 2240 UT at pitch angles from 10° to 60° (the end time of the flux increase is ambiguous because of the data gap between 2228 UT and 2239 UT). By contrast, the fluxes in the 70-90° bins decrease from 2215 UT to 2250 UT and there is no evident increase corresponding to the injection at lower pitch angles. Flux increases for pitch angles lower than 60° are also observed at higher energies, Figure 10b and Figure 10c , with the enhancement occurring earlier at higher energies, indicating that these low pitch angle flux increases are an energy dispersed injection. The flux decrease in the 70-90° bins from 2215 UT to 2240 UT also occurred at higher energies but there was no time delay of this signature between different energies.
This non-dispersive flux decrease occurred simultaneously with a ~7% increase of the magnetic field intensity at CCE. The magnetic field change was likely caused by an increase in the solar wind dynamic pressure and the flux decrease is attributed to a mirror effect [Kivelson and Southwood, 1985] of the ions caused by the local magnetic field change. To summarize the data in Figure 10 , energy dispersive injection signatures were observed only at pitch angles below 60°.
Following previous studies using geostationary satellites [ Belian et al., 1978; Reeves et al., 1990] we used the energy-time dispersion to estimate the universal time and local time of injection. The T89c Kp = 1 model was used for all comparisons with the event. We first determined the time of flux maximum at 30° pitch angle in the 56-92 keV and 92-170 keV bands and from that time traced protons backwards in time for the energies at the center of the MEPA energy bands recording the equatorial projection of the instantaneous gyrocenter. The flux maximum is indicated by a solid dot in the flux trace for 30°p itch angle. The local times of the guiding centers matched at 2149 UT and at this time the particles were located at 22 MLT. This MLT is reasonable for an injection and the estimated UT of injection is only 6 minutes later than the onset of Pi 2 event B. Also shown in Figure 10 are the arrival times of the lower and higher energy limits of each band indicating that the range of times over which the injection occurs is at least as broad as the energy range of each band.
To check the consistency of the onset location and time estimate, we calculated the drift times for the higher energy range as well, 170-320 keV (Figure 10c ). Using the UT and MLT determined in the above procedure we calculated the drift time of ions in the 170-320 keV energy between the source point and the satellite. The calculated arrival time of ions with energy at the center (250 keV) of the band is indicated by the center dot above the 30° pitch angle trace. The other two dots are the arrival times for ions with the cutoff energies of 170 and 320 keV. These dots fall in the range of the observed injection indicating basic consistency with the interpretation of the energy dispersion feature in terms of a remote dispersionless injection.
We interpret the 60° cutoff pitch angle as resulting from an injection having an inner edge, as illustrated in Figure 1 . To quantify this interpretation we show in Figure 11 the numerically calculated guiding center orbits of ions for event B. The format is similar to that of Figure 2 , but to facilitate comparison with the event, the observation point is placed at L = 8.7, MLT = 13 and the orbit for α obs = 60° is included. The particle energy, 200 keV, is the same as before. In the local time sector (20-02 MLT) where injections are most likely to occur ] the drift orbit is nearly circular regardless of pitch angle and the radius of these orbits are ~10 R E for α obs = 30°, ~9 R E for α obs = 60°, and ~7 R E for α obs = 90°. Therefore, if the injection occurred at 22 MLT, as estimated from the ion energy dispersion, the cutoff pitch angle of α obs = 60° at CCE implies that the inner edge of the injection region was located at about 9 R E .
Observations From Geostationary Satellites
The calculated location of the injection inner boundary is consistent with particle observations made at geostationary satellites. Figure 12a and Figure 12b show pitch-angle averaged charged particle data from three geostationary satellites for the same 5 hour interval as in Figure 8 . At geostationary orbit there were no ion (Figure 12a ) or electron ( Figure  12b ) injections at the times of flux enhancements at CCE. Note that ion energies covered by the geosynchronous charged particle analyzers are comparable to those observed by CCE MEPA. Use of the pitch-angle averaged data is not a serious problem here since two of the spacecraft were located on the nightside. When satellites are close to the source region, drift shell splitting is small so injections should be detected at all pitch angles. For the event under study, 1982-019 was in the 18-24 MLT quadrant, a good location for detecting ions drifting westward immediately after they are injected near midnight. 1977-007 was in the 00-06 MLT quadrant, a good location for detecting electrons drifting eastward from the source. Therefore, the absence of injection signatures at these satellites means that injection did not occur at geostationary distance. This leads us to conclude that the ion flux enhancements detected at CCE all occurred at radial distance greater than 6.6 R E , as the numerical calculations indicate.
As for the electrons, we do not see any impulsive injections, even at 1977-007 located in the 00-06 MLT quadrant which is ideal for detecting electrons drifting eastward out from the injection region. However, the electron fluxes show a regular small-amplitude oscillation in the 140-200 keV channel with a period of ~60 min. This type of electron flux oscillation is common in geosynchronous observations following substorms occurring when the magnetosphere is fairly quiet. The phase of these flux oscillations is different for different energies but the periods do not match the drift periods and the dispersion does not regularly increase with time, so they cannot be drift echoes. These oscillations have not been discussed previously in the literature and will be examined in a separate study.
Discussion

Comparison With Ion Injection Boundary Models
The foregoing analyses have shown that observation of injections on the dayside with full pitch angle resolution is useful for estimating the inner boundary of the injection. Previously, inner boundaries have been suggested for substorm injections from different types of particle signatures. Mauk and McIlwain [1974] obtained a boundary shape from a statistical analysis of the local time of the encounter of the ATS-5 geostationary satellite with zero-energy particles. The radius of the inner boundary is given as a function of magnetic local time (MLT) and Kp as
Note that this boundary shape is for the premidnight sector. The postmidnight portion of the boundary is the mirror image about the midnight meridian of the premidnight boundary. et al. [1990] obtained an energetic ion (energy > 25 keV) injection boundary using a different approach. They investigated first the spatial occurrence pattern of dispersionless injection events observed with the CCE MEPA instrument and then determined the inner radius limit of the region where dispersionless injections can be observed. The dispersionless events were found only on the nightside from 19 to 06 MLT unlike the energy dispersed events in our analysis, indicating that the observations were made within or in the close vicinity to the region of ion acceleration. modeled the energetic ion injection boundary using the same functional form as the Mauk and McIlwain boundary. boundary is given by
Lopez
As in the case of the Mauk and McIlwain [1974] boundary, this boundary is valid only for the premidnight sector, and the boundary for the postmidnight sector is assumed to be the mirror image of (2) about the midnight meridian. For Kp ~1, appropriate for the interval under study, the above empirical formula give R b (ATS-5) ~ 6.7R E and R b (CCE) ~ 9.1R E . Our estimate of the inner edge of injection agrees only with the Lopez et al. model. This is not surprising because the two formula were derived from particle observations at significantly different energies. Because the electric field has a strong control on the drift paths of low-energy ions, it is possible that the detection of low-energy ions at geostationary orbit is the consequence of an Earthward convection of the particles after substorm onset. Drift paths of energetic ions, on the other hand, will be dominated by the magnetic field drift, so the particles will drift azimuthally, rather than radially, away from the source region. In the high-energy limit, the drift paths do not depend on the electric field and the radial distance of the drift orbit of the ions near midnight will be a direct representation of the source location.
Although we discussed only the inner injection boundary, the shell splitting effect might also be useful for detecting a possible outer boundary of injection.
One of the major predictions of the current disruption model for substorm onset is that the injection region is initially confined spatially on all sides and then expands both radially outward and in azimuth [Lopez and Lui, 1990] . If the injection region is confined within the radial distance range of the nightside drift shells, then the outer injection boundary will produce a cutoff pitch angle on the dayside below which no injection signature is observed. On the particular CCE orbit we studied there was no indication of such a low pitch angle cutoff, implying that the injection region extended tailward of any of the drift shells of the ions detected at CCE. According to the model ion orbits shown in Figure 11 , then, the injection region had an outer edge tailward of 10 R E .
Relation of Injection Regions to Substorm Onset Mechanism
Since the earliest substorm studies it has been known that some substorm onsets develop into global scales, while others do not [Akasofu, 1964] . The latter class of onsets is referred to as pseudobreakups or pseudo-substorm onsets. In the September 17, 1984 event no clear injection signature was observed at geosynchronous altitude in the midnight sector and the amplitude of the negative bay in the auroral zone was very small. We therefore interpret the event as an example of a pseudobreakup.
Recently several attempts were made to distinguish pseudo-substorm onsets from standard substorm onsets in terms of the near-Earth substorm process [Koskinen et al., 1993; Ohtani et al., 1993; Nakamura et al., 1994] . Koskinen et al. [1993] reported an event in which an extremely weak injection signature was observed by a LANL geosynchronous satellite in the midnight sector. Ohtani et al. [1993] also found the absence of a clear dipolarization signature at geosynchronous altitude for a pseudo-substorm onset event. In both events CCE was located about 2 R E outward of geosynchronous altitude and observed typical dipolarization and injection signatures, suggesting that the acceleration region was located tailward of the geosynchronous orbit. In addition, the acceleration region may be highly localized in the azimuthal direction, as suggested by Nakamura et al. [1994] .
Considering that injection and dipolarization signatures are rather common in the geosynchronous region for global substorms, the absence of such signatures in those pseudosubstorm onset events suggests that the acceleration of particles tends to occur at a larger geocentric distance when the intensity of substorms is weaker. There is some evidence that supports this idea. Akasofu [1964] found that the global auroral expansion initiates at the most equatorward arc, whereas pseudo-substorm onsets (pseudobreakups) tend to take place during the growth phase at an auroral arc other than the most equatorward one.
Although one cannot accurately map the nightside auroral zone to the equatorial plane, the tendency of pseudo-onset auroral forms to occur poleward of full fledged breakup onsets is consistent with our interpretation. In a related study, Singer et al. [1983] found that Pi 2 signatures are observed less often at synchronous altitude than on the ground during periods of low magnetic activity, even if the spacecraft is located in the midnight sector. From this result they suggested that substorm signatures at synchronous altitude depend on the radial distance of onset regions, which are located at large distances.
The occurrence of pseudo-substorm onsets further out from the Earth may be explained in terms of the tail magnetic configuration [Ohtani et al., 1993] .
For quiet conditions the enhancement in the tail current intensity is presumably weak so that its effect is not significant in the geosynchronous region. It is therefore likely that the transition from the dipole to tail-like magnetic field configurations occurs further out from the Earth before pseudosubstorm onsets than before standard substorm onsets. If substorms are triggered in such a magnetic configuration ( Kiruna conjecture [Kennel, 1992] ), this idea is consistent with the result of the previous observations. The present study suggests that one must consider the effects of drift shell splitting and the resulting pitch angle distributions of injected ions to avoid confusing the longitudinal and radial structure of the source region when interpreting particle injection data recorded beyond geosynchronous orbit. Moreover, the results indicate that we can use the measurement of dayside injection signatures to remotely sense the radial structure of the injection region.
Conclusions
We studied energetic ion injection events associated with a series of pseudo-substorm onsets, using data acquired by the AMPTE/CCE spacecraft in the dayside magnetosphere. The primary emphasis of our analysis was on the pitch angle dependence of injection signatures. The flux enhancement signatures were observed only below a certain cutoff pitch angle.
This pitch angle dependence is interpreted in terms of the drift shell splitting effect. The degree of shell splitting was evaluated using a realistic magnetic field model and calculation of the ion drift orbits. It was found that the ions that reach a single observing point on the dayside at 8.5 R E with a full range of pitch angles have nightside drift shells ranging from ~6.5 to ~10 R E in equatorial geocentric distance. This geometric property of drifting ions makes it possible to use the energetic ions to remotely sense the radial boundaries of substorm injections.
For the pseudo-onset associated event studied in detail, we estimate that the injection inner boundary was located at ~ 9R E . Previously, energy dispersive features of energetic particles were extensively used to identify the location and timing of injections on the nightside. Our study demonstrates that pitch angle resolved energetic ion data, in particular those acquired away from the location of injections and at distances beyond geosynchronous orbit, provide valuable information on the radial location of particle energization associated with substorms. This feature of the particles, when combined with previously used in-situ and remote sensing techniques, will be a useful tool in studying substorms. 
